Intratumoral transport and binding are important mechanisms that determine the efficacy of cancer drugs. Current drug screening methods rely heavily on monolayers of cancer cells, which overlook the contribution of tissue-level transport and binding. To quantify these factors, we developed a method that couples an in vitro, drug-delivery device containing a three-dimensional cell mass and a mathematical model of drug diffusion, binding to DNA, release from carriers, and clearance. Spheroids derived from LS174T human colon carcinoma cells were inserted into rectangular chambers to form rectangular cell masses (tissue) and subjected to continuous medium perfusion. To simulate drug delivery and clearance, the tissues were treated with doxorubicin followed by drug-free medium. To evaluate the effect of liposome encapsulation, tissues were treated with liposome-encapsulated doxorubicin (Doxil).
Introduction monolayers and ability to shrink solid tumors. 8 For this reason, cytotoxicity to monolayers alone may not be the best indicator of a cancer drug's therapeutic effect. Lack of experimental systems to effectively determine drug efficacy results in a long and expensive cancer drug development process. 9 To better predict the therapeutic efficacy of a cancer drug, a method for measuring drug delivery, clearance, intratumoral diffusion and binding is needed.
Several transport processes and reactions affect the efficacy of intravenously administered chemotherapeutic drugs (Fig. 1) . Rapid plasma clearance and limited diffusion in tumors, for example, significantly limit the efficacy of cancer drugs. 10 Immediately after delivery, the plasma concentration of a drug is maximum and decreases over time as a result of absorption and metabolism. 11 During this period, the drug enters tumors and spreads by diffusion (Fig. 1A) . Presence of drug within tissue causes cancer cell death. Some drugs may reversibly or irreversibly bind 12, 13 to sites on tumor cells (Fig. 1B) .
The efficacy of chemotherapeutics like doxorubicin has been attributed to strong ability to intercalate DNA. 14 After plasma drug levels fall below tumor drug levels, drug is cleared from the tumor (Fig. 1C) . The overall therapeutic effect is determined by this interaction between diffusion, binding, cytotoxicity, and systemic clearance rate. Current monolayer-based methods for testing drugs do not measure these interactions. A method to predict in vivo therapeutic efficacy must: (a) simulate drug delivery and clearance, and (b) mimic tissue-level transport and binding. Rectangular three-dimensional (3D) cancer cell masses placed next to continuously perfused channels provide a method to capture these interactions ( Fig. 1D-F) . Several different devices for forming 3D cancer cell masses (hereafter referred to as tissues) in continuously perfused microfluidic devices have been described. [15] [16] [17] In our laboratory, we previously designed a device to grow cancer tissues in a rectangular geometry that forms one-dimensional chemical gradients and can be continuously monitored in time and space under a microscope. [18] [19] [20] Because of its geometry, transport can be described with a simple onedimensional mathematical model, which enables quantification of the diffusion and binding rates. Coupling to a mathematical model enhances the utility of the device beyond measuring cell death or apoptosis, and enables quantification of the mechanisms of delivery. An ideal method to test a device to measure transport properties, is comparison of a drug to its liposome-encapsulated form. These two entities would have different tissue transport properties but similar interactions with cells. As a test system, comparison of doxorubicin to encapsulated doxorubicin (Doxil) has the added advantage that doxorubicin is naturally fluorescent. Doxorubicin is a chemotherapeutic drug that is widely used in the treatment of cancer, including cancers of the breast, ovary, and lung. It is an anthracycline compound with wide-spectrum anti-tumor abilities. 21 In cultured cancer cells, doxorubicin is rapidly taken up and localized in the nucleus. [22] [23] [24] Doxorubicin binds to DNA, disrupts the mitotic process, and causes inhibition of cancer cell growth. 24, 25 On intravenous administration, the plasma concentration of doxorubicin drops rapidly with a half-life of approximately 5 minutes, as a result of distribution in tissues. After initial rapid clearance of 60 to 80% of the administered drug, the remaining drug undergoes a slow terminal clearance with a half-life of 20-48 hours because of slow elimination from tissues. [26] [27] [28] [29] Liposome encapsulation of drugs is a method used to overcome sub-therapeutic accumulation levels in tumors and toxicity to other organs. Poly-(ethylene glycol) (PEG) coated liposomes (stealth liposomes) have a reduced uptake by the mononuclear phagocyte system, which results in long plasma circulation times. [30] [31] [32] Doxil (pegylated liposome-encapsulated doxorubicin) is approved for the treatment of AIDS-related Kaposi's sarcoma, ovarian cancer, and multiple myeloma, and has been shown to reduce cardiac toxicity. [30] [31] [32] It has a plasma clearance half-life of 50 hours. 33 Several other cancer drugs encapsulated in liposomes are currently in advanced stage clinical trials. [34] [35] [36] To be effective, a liposome-encapsulated drug must extravasate into the tumor and release its payload (Fig. 1G) . The release of drug from pegylated liposomes is not well-understood 30, 37 and there is evidence that the rate of release may be very low. 38, 39 For example, when a chemotherapeutic agent, cisplatin, and its pegylated liposome-encapsulated variants, SPI-077 and SPI-077 B103, were administered to mice bearing melanoma tumors, the net accumulation of platinum (Pt) in tumors was 2.2-5 fold higher for the liposome-encapsulated drugs compared to free cisplatin. However, there was no detectable free active Pt in the tumors injected with the liposome drugs. All tumors injected with cisplatin had detectable free active Pt. 38 These data suggest that the rate of release of free Pt from pegylated liposomes was low. Further, SPI-077 was found to have no therapeutic efficacy in Phase I/II clinical trials, despite a long circulation time. 40 Attempts have been made to increase the intratumor rate of release from pegylated liposomes by light activation. 41, 42 Pharmacokinetic/pharmacodynamic (PK/PD) models are used in drug development to measure and predict the time course of a drug's therapeutic effect. 43, 44 Pharmacokinetics (PK) measures the concentration of drugs in the body as a function of time. Pharmacodynamics (PD) measures the rate and extent of the antitumor effect induced by the drug as a function of drug concentration. A PK/PD model typically consists of two well-mixed compartments -a plasma compartment describing PK, and a tissue compartment describing PD. Because tissues are not well mixed compartments and the mechanism of therapeutic effect in tissues may be complex, there is a time lag between changes in plasma concentration and its effects on the tissue. To account for this, additional hypothetical compartments are introduced between the plasma and tissue compartments. 45 Different strategies are utilized for linking the effects of the compartments. 45, 46 The tissue compartments in all these models, however, are assumed to be homogeneous, disregarding the effects of drug concentration gradients, which are known to contribute to limited therapeutic effect in tumors. 47, 48 In order to more accurately predict tumor tissue drug concentrations and therapeutic effects, PK/PD models must integrate transport processes that govern drug distribution in tumors.
To quantify drug delivery to tumor tissue, we developed an in vitro device that simultaneously measures intratumoral drug diffusion, drug binding, release from carriers, and tissue retention. Tumor tissues in devices were treated with doxorubicin and Doxil and the dynamics of intratumoral accumulation and induced apoptosis was measured using time-lapse fluorescence microscopy. To determine the contribution of individual mechanisms towards the drug distribution, we developed a mathematical model incorporating five mechanisms: (i) plasma clearance of drugs (PK), (ii) drug diffusion, (iii) release from drug carriers, (iv) drug binding to DNA, and (v) cancer cell death (PD). Results from the model were combined with experimental data to determine the contribution of each mechanism towards the efficacy of doxorubicin and Doxil. Perturbing parameters in the mathematical model showed that interactions between the mechanisms are complex and their effects on drug efficacy are non-obvious. Results from these experiments provide reasons for why many drugs perform poorly in mice experiments and why it is difficult to predict drug efficacy. The methods developed in this paper will enable measurement of the mechanisms that contribute to drug efficacy, and more accurate prediction of in vivo drug response.
Results

Device for mimicking drug delivery and clearance
A microfluidic device was designed to mimic the delivery and clearance of drugs through blood vessels of tumor tissues. [18] [19] [20] The device consists of a rectangular tissue culture chamber, 1000 mm Â 300 mm Â 150 mm, and a microfluidic channel, 250 mm wide and 150 mm tall (Fig. 2) . Spheroids prepared from human colon carcinoma cells were introduced into the culture chambers, forming rectangular tissues, which were subjected to continuous medium perfusion through the channels (Fig. 2) . The device mimicked regions of tumors adjacent to blood vessels. Drug delivery and clearance was mimicked by adjusting the concentration of drugs in the channels. Construction of devices with a transparent material enabled visualization of drug diffusion and apoptosis induction in tissues.
Doxorubicin tissue uptake, clearance, and apoptosis induction
To measure the uptake and clearance of doxorubicin and to quantify induced apoptosis, tumor tissues in devices were treated with cell culture medium containing 5 mM doxorubicin and 0.25 ml ml À1 green fluorescent active caspase-3 stain for 10.5 hours followed by drug-free medium. Doxorubicin delivered through the channels was taken up rapidly by tissue (Fig. 3A) . Accumulation of drug in tissue increased apoptosis (Fig. 3B) . The amount of drug in tissue increased continuously till 12 hours (Fig. 3C ). The drug concentration in tissue was significantly higher (P o 0.05, n = 3) than in the channels (Fig. 3C ). After drug was cleared from channels, the amount of drug in tissue did not decrease rapidly. At 20 hours, the average amount of drug in tissues was 86% of the maximum amount (at 12 hours); only 14% of the drug cleared from tissue in 8 hours (Fig. 3C) . Apoptosis increased continuously after administration of drug and continued to increase after drug clearance (Fig. 3E ). The rate of apoptosis induction decreased as the concentration of doxorubicin plateaued (Fig. 3F ). The extent of apoptosis at 8, 12, 16, and 20 hours was significantly higher (P o 0.05; n = 3) compared to 0 h (Fig. 3E ). For tissues not treated with drugs, we have previously shown that the mean extent of apoptosis decreases over time, which is a result of increase in the number of live and proliferating cells. 19 From 12 to 20 hours, the concentration of doxorubicin in the front region of tissue decreased (Fig. 3D) . At the rear end, concentration profiles flattened out and the concentration at 20 hours was higher than at 12 hours (Fig. 3D) . 
Doxil tissue uptake and clearance
Tumor tissues on devices were treated with 50 mM Doxil for 8 hours followed by drug-free medium to measure uptake and clearance. An 8 hour treatment time was used because it provided sufficient time to measure concentration profiles and diffusion, and it enabled direct comparison with 8 hour doxorubicin treatment. The amount of Doxil taken up in tissue increased when it was delivered through the channels (Fig. 4A ). Unlike doxorubicin, the average concentration in tissue was not significantly higher than in the channels ( Fig. 4A and C).
Only regions close to the channels had higher concentrations than channels (Fig. 4A) . Clearance of Doxil from channels after 8 hours resulted in rapid clearance of drug from tissue ( Fig. 4A and C). At 30 hours, the average amount of drug in tissue was 12% of the maximum; 88% of the drug was cleared from the tissue ( Fig. 4A and C). For comparison doxorubicin was delivered at 50 mM for 8 hours to tissues. Similar to delivery of doxorubicin above (Fig. 3) , the concentration of doxorubicin in tissue was significantly higher than in the channels, and the clearance of doxorubicin from tissues was gradual ( Fig. 4B and D). Doxorubicin concentration in tissue was significantly higher (P o 0.05, n = 3) than Doxil throughout the experiment (Fig. 4E ).
Mathematical model for drug diffusion, release, binding, and clearance
A mathematical model was developed to describe the delivery, diffusion, binding, and clearance of drug from tumor tissue. The model incorporates three important mechanisms: (a) diffusion in tissue, (b) binding, and (c) clearance.
This system of equations balances the concentration of three entities: free drug, A (eqn (1)), bound drug, B (eqn (2)), and density of binding sites, S (eqn (3)). The model contains four parameters: (i) diffusivity of drug, D; (ii)-(iii) forward and reverse rates of drug binding, k on and k off , respectively; and (iv) maximum concentration of drug binding sites in tissue, S max . The diffusivity, D, describes transport through cellular material, which has been shown to be orders of magnitude slower than in aqueous solution. 49 Parameter perturbation analysis showed that the solution of the model is an exclusive function of the binding constant, R = k on /k off , reducing the model to three parameters: D, R, and S max . Drug binding was assumed to be a reversible reaction with 1 : 1 drug : site stoichiometry, A + S 2 B, where S is the concentration of available drug binding sites. To fit device results, the drug concentration in the channel was modeled as a step function. Gradients in drug concentration from the flow channels to the boundary of the tissue and along the width of chambers were experimentally observed to be less than 4% in all cases and assumed to be negligible in the model. For a liposome-encapsulated drug, three additional parameters were introduced to the model: (i) rate of drug release from liposomes, k rel , (ii) diffusivity of liposomes, D lip , and (iii) partition coefficient of the liposomes across the medium-tissue interface, P. Release from liposomes was assumed to be irreversible with first order kinetics. Eqn (2) and (3) are valid for liposome-encapsulated drugs. The concentration of liposome-encapsulated drug, L A , and released drug, A, was balanced using the following equations:
Experimental data from doxorubicin and Doxil treatments were fit to the mathematical model to determine model parameters. For doxorubicin, experimental data ( Fig. 3 ) was fit to eqn (1)-(4) to determine the diffusivity of doxorubicin, D, binding constant, R, and the maximum concentration of binding sites, S max (Table 1) . For the determined parameters, the experimental data and model predictions showed good agreement ( Fig. 5A and B) . The model predicted minimal clearance of doxorubicin from tissue after clearance from channels (Fig. 5A) . It also predicted the flattening of the spatial concentration profile at 16 hours (Fig. 5B) . For Doxil, experimental data (Fig. 4) was fit to solutions of eqn (2)- (6) to determine the rate of doxorubicin release from liposomes, k rel , the diffusivity of liposomes, D lip , and the liposome partition coefficient, P (Table 1 ). Experimental and simulated profiles for determined parameters showed good agreement ( Fig. 5C and D) . The model predicted the rapid clearance of drug from tissue ( Fig. 5C ) as well as shapes of spatial concentration profiles at all times (Fig. 5D) .
Effects of diffusion, binding, and clearance on therapeutic efficacy
The mathematical model was used to determine the contribution of each mechanism -diffusion, binding, and clearance -to the therapeutic effect of doxorubicin. To determine therapeutic effect, the concentration of drug predicted by the mathematical model (eqn (1)- (3)) was linked to cell death. Cell death was assumed to be a function of the effective drug concentration, including free (A) and bound (B) drug, E = A + B, and had saturation kinetics with maximum rate of cell death and saturation constant, m d,max and K m , respectively.
where l is the live cell density (0 o l o 1). Parameters m d,max and K m for doxorubicin were calculated from data published by Mantovani 50, 51 and were set to 0.14 h À1 and 1.66 mM, respectively. Clearance of drug or liposomes from the blood was assumed to have a half-life of t 1/2 . The geometry of this model to calculate therapeutic efficacy matches the shape of the microfluidic device. This geometry has some influence on the predicted efficacy. For example, a very shallow chamber would retain drugs for less time. To produce realistic predictions, the depth of the chamber was chosen to match the diffusion distances that control delivery to tumors. 13, 52 The linear geometry of the device provides a straightforward means to compare the efficacy of different drugs and compare the effects of model parameters. All experimental parameters measured with the device (e.g. diffusivity, binding, and release) are independent of shape and could be used to calculate efficacy in any geometry. The mathematical model for free drugs (eqn (1)- (3) and (6)) was solved for four limiting cases, introducing the contribution of one mechanism one at a time. Case 1: in the absence of transport limitations, clearance, and binding (D -N, t 1/2 -N, R -0), doxorubicin decreased live cell density at 20 hours to 7.3% (Fig. 6A) . A dose response curve for doxorubicin was obtained using these parameters (Fig. 6A, inset) that is identical to standard pharmacodynamic response curves obtained with monolayers. 53 Case 2: to account for the rapid clearance rate of doxorubicin, t 1/2 was set to 0.2 h. [26] [27] [28] [29] After the initial decrease in live cell density for approximately 1 hour, there was no further decrease (Fig. 6B) . At 20 hours, the live cell density was 91.3% (Fig. 6B ). Case 3: transport limitations were introduced by setting the diffusivity to the experimentally determined value from above, D = 2.86 Â 10 À11 m 2 s À1 (Table 1) .
Contrary to expectation, limited transport enhanced the efficacy of doxorubicin and decreased the surviving cell fraction at 20 hours from 93.1% (Fig. 6B ) to 83.1% (Fig. 6C ). Case 4: finally, binding was taken into account by setting the binding constant to the measured value, R = 48.6 mM À1 (Table 1) . Binding caused a significant increase in efficacy and decreased the surviving cell fraction to 34.2% (Fig. 6D) .
The interaction between diffusion and binding was complex and their combined effects on drug efficacy were non-obvious. The mathematical model (eqn (1)-(3) and (6)) was used to predict live cell density after treatment for 20 hours for different combinations of diffusivities and binding constants (Fig. 6E  and F) . In the absence of binding (low binding constant; R = 10 À5 mM
À1
), limited transport both increased and decreased efficacy (Fig. 6E) ), the live cell fraction was 78%. There was an optimum diffusivity where the therapeutic effect was at a maximum. At D = 10 À11 m 2 s À1 , the live cell fraction was 15% (Fig. 6E) . ; point (i); 
Effects of encapsulation on therapeutic efficacy
The effects of liposome encapsulation depended on the characteristics of the encapsulated drug, and specifically on the extent of cell binding. To demonstrate these differences, the mathematical model for encapsulated drugs (eqn (2)-(6)) was solved for two drugs: (a) doxorubicin, and (b) a hypothetical drug X that does not bind cells, but is otherwise identical to doxorubicin. Encapsulated drug was assumed to not kill cells. After drug is released from liposomes, it was assumed to bind cells and causes cell death similar to free drug. 30 For both doxorubicin ( Fig. 7A ) and drug X (Fig. 7B ), efficacy decreased with decreasing diffusivity. The right edge of these maps represents non-encapsulated drugs, where D lip = D. Encapsulation increases the clearance half-life of doxorubicin from 0.2 hours ( Fig. 7A ; point a) to 50 hours (point b). 33 The therapeutic benefit of this increase would be negated if encapsulation reduced diffusivity to less than 5% of the free drug, i.e. log (D lip /D) o À1.3 ( Fig. 7A; point c) . Compared to doxorubicin, the map was shifted upward for non-binding drug X (Fig. 7B) .
Increasing the half-life of drug X from 0.2 hours ( Fig. 7B ; point d) to 50 hours (point e) caused a considerably larger improvement (73%) in efficacy compared to doxorubicin (15%). For the same 95% decrease in diffusivity, i.e. log (D lip /D) = À1.3, the encapsulated drug was still significantly more efficacious than the parent drug ( Fig. 7B; point f) . The effects of release and clearance on cell viability was determined for the two drugs ( Fig. 7C and D) (Table 1 ). The right edge of these maps represents non-encapsulated drugs, where release rates are high. Decreasing the release rate of doxorubicin from liposomes, at high and low clearance rates, decreased the therapeutic effect (Fig. 7C) . Counterintuitively, at intermediate clearance rates (0.5 to 5 h) decreasing the release rate increased the therapeutic effect (Fig. 7C) . In this range of clearance rates, the efficacy curves had minima at release rates of approximately 10 À4 s À1 ( Fig. 7C ; dotted box; log k rel = À4). To illustrate the benefit of an optimized release rate, consider a hypothetical encapsulation system for doxorubicin ( Fig. 7C ; point g) that increases the half-life from 0.2 to 1 hour (point h). If the release was optimized (log k rel = À3.8; point i; Fig. 7C ), the therapeutic effect would increase. However, too slow a release rate (log k rel = À5.5; point j; Fig. 7C ) would reduce the efficacy beyond that of the parent drug. For the non-binding drug X, decreasing the release rate would decrease the therapeutic effect at all clearance rates (Fig. 7D) .
Location of doxorubicin and Doxil on parameter-response maps
The location of the measured parameter values for doxorubicin and Doxil on the parameter-response maps ( Fig. 6 and 7 ) may explain their performance (Fig. 8) . On the diffusivity-response curve (Fig. 6E) , the diffusivity of doxorubicin (D = 2.86 Â 10 À11 m 2 s À1 ; Table 1 ), was near the bottom of a trough that maximizes therapeutic efficacy ( Fig. 8A; point a) . On the binding-response curve for this diffusivity, the binding constant of doxorubicin (R = 48.6 mM À1 ; Table 1 ) was also near the minimum ( Fig. 8B; point b). However, on the clearance-rate-response curve for these values of D and R, the half-life of doxorubicin, t 1/2 = 0.2 hours, [26] [27] [28] [29] was not near the maximum response ( Fig. 8C; point c). On the release-clearance map (Fig. 7C) , increasing the half-life of doxorubicin from 0.2 hours ( Fig. 8D ; point e) to the 50 hour half-life 33 of Doxil ( Fig. 8D; point f) would increase the therapeutic effect. However, because of its slow release rate (k rel = 6.05 Â 10 À11 s
À1
; Table 1 ), Doxil would have a very low therapeutic effect ( Fig. 8D; point d) compared to doxorubicin.
Discussion
The drug-delivery devices used for these experiments mimic regions of tumors adjacent to blood vessels. Incorporating three-dimensional tumor tissues mimics intratumoral drug transport. Drug efficacy is a result of a complex interaction between several mechanisms: diffusion, release from carriers, binding, and clearance (Fig. 6 and 7) . To accurately determine therapeutic efficacy of cancer drugs, all of these mechanisms must be taken into account. Cancer cells attached to flat surfaces cannot quantify them. The drug delivery device developed here provides a platform for measuring the interactions of these critical mechanisms ( Fig. 1 and 2) .
Tissues on devices treated with doxorubicin and Doxil displayed important characteristics of the two drugs. Minimal tissue clearance of doxorubicin shows that it binds to tissue strongly ( Fig. 3 and 4) . Retention in tissue is a result of DNA intercalation. 24, 25 Strong tissue binding explains the long terminal half-life of doxorubicin after rapid initial clearance from plasma, as observed in humans. [26] [27] [28] [29] DNA intercalation also explains the higher concentration of doxorubicin in tissue compared to channels ( Fig. 3 and 4) . In contrast, the rapid clearance of Doxil from tissue (Fig. 4) shows that there was minimal intra-tissue drug release. There was no drug retention detected in the experiments after clearance indicating that doxorubicin was not released from liposomes (Fig. 4) . The success of doxorubicin as one of the most widely used chemotherapeutic agents may partly be attributed to its optimal diffusivity and binding ( Fig. 8A and B) . Its diffusivity and binding are both near the maximum theoretical values. The clearance rate of doxorubicin, however, is not near the maximum (Fig. 8C) , suggesting that improving this characteristic could substantially improve its efficacy. Doxil was designed to increase the circulation time of doxorubicin. It increased the half-life in humans from 0.2 hours to approximately 50 hours. 33 Doxil, however, has been successful for only a few cancers, which may be explained by its low release rate (Fig. 8D) . Clinically, the benefits of Doxil are due to low toxicity and minimal systemic release. 30 Limited drug release at the tumor site would be a significant limitation to the therapeutic effect of Doxil. Engineered liposomes that can enhance drug release rates in tissues may radically enhance therapeutic response. These results with doxorubicin and Doxil show that the effects of diffusion and binding on therapeutic efficacy must be evaluated during the drug development process. The technique demonstrated here, which combines a microfluidic device and a mathematical model, enables quantification of these factors. Monolayer experiments alone cannot measure them. Applying doxorubicin to a monolayer of cells will result in the classic PD model (Fig. 6A and inset) . In the absence of transport limitations and clearance, the live cell fraction decreases at the maximum rate (Fig. 6A) . Conventional wisdom suggests that accounting for plasma clearance and intratumoral transport would reduce efficacy. As expected, when clearance (i.e. pharmacokinetics) is added to the model, the therapeutic effect is significantly reduced (Fig. 6B) . However, when diffusivity is added, there can be an increase in the therapeutic response (Fig. 6C ). This is caused by increased drug-tissue contact time and reduced clearance from tissue. Binding enhances the drug-tissue contact time and can further improve the therapeutic effect (Fig. 6D) . Because the effects of diffusion and binding cannot be predicted by monolayer studies, a method that integrates diffusion, binding, and clearance is necessary. The complex interaction between transport and binding may be the cause for the failure of many cancer drugs in mice experiments and it is important to understand their effects. Limited transport in tumor tissue may enhance as well as reduce therapeutic efficacy (Fig. 6E ). There is a limit to the benefit of increasing drug-tissue contact time by decreasing diffusivity. When diffusivity is very low, drugs cannot enter tissues and the therapeutic effect decreases (Fig. 6E) . These non-linear effects are compounded by the complex relationship between binding and diffusivity (Fig. 6F ). For drugs with low diffusivities, stronger binding would have a slightly unfavorable effect, because binding prevents deep penetration (Fig. 6F ). For drugs with high diffusivities, strong binding would be favorable because it would increase drug-tissue contact time by preventing rapid clearance (Fig. 6F ). For drugs with intermediate diffusivities, there is an optimum binding that would maximize therapeutic effect (Fig. 6F) . Both low and high binding rates would limit efficacy.
Encapsulation systems are often created to enhance a drug's delivery properties. However, because these systems are associated with many trade-offs, it is necessary that they be carefully evaluated before beginning development. The enhanced therapeutic effect achieved by increasing plasma circulation can be countered by slow diffusion in tissue (diffusion-clearance maps; Fig. 7A and B) and limited release (release-clearance maps; Fig. 7C and D) . Ideally, increasing the half-life of clearance by liposome encapsulation would increase efficacy (Fig. 7A) . However, encapsulation often lowers diffusivity (Table 1) , which can offset the benefit of increased clearance (Fig. 7A) . The benefit can be much greater for drugs that do not bind cells (Fig. 7B ). The improvement in therapeutic effect for encapsulation of a non-binding drug could be large enough to overcome the reduction caused by poor diffusivity (Fig. 7B) . This difference suggests that drugs that do not bind to tissue could benefit more strongly from liposome encapsulation. The rate of drug release from liposomes could also be used strategically to maximize therapeutic efficacy. For example, the efficacy of encapsulated doxorubicin could be improved if the rate of release was optimized (Fig. 7C ). An encapsulated drug with an optimum release rate could be more effective than a rapidly releasing system because the liposomes would penetrate deep into tissue before releasing their payload. A fast release rate would limit penetration and reduce efficacy. However, if the rate of release is too low, the benefits of encapsulation are diminished and the resulting drug would be less efficacious than the parent drug (Fig. 7C) . In contrast, optima do not exist for non-binding drugs (Fig. 7D) . Decreasing the release rate from these liposomes monotonically reduces efficacy and is never beneficial (Fig. 7D ).
This drug-delivery device and computational method has many potential applications. It could be used to screen new drugs, revive previously failed drugs, and improve the performance of existing drugs. The method could be used to screen drugs prior to preclinical animal studies and after clearance rates have been measured. Prior to animal studies, exact clearance rates are not known. For these early screens, the method would identify and eliminate drugs that could not be effective at any clearance rate. Eliminating drugs at this point in the drug-development pipeline would considerably reduce the number of animal experiments. Once pharmacokinetic rates have been measured, the method could predict efficacy, identify ineffective drugs, and prevent further animal experiments. The ability to identify limiting mechanisms would enable re-investigation of previously failed drugs. In some cases, drugs could be modified to improve performance. For example, liposome encapsulation and attachment to nanoparticles 54 could improve circulation, diffusivity and release.
The efficacy of approved drugs could be similarly improved by identifying the mechanisms that limit efficacy.
Conclusions
We have developed a method of estimating a cancer drug's efficacy by measuring critical phenomena that determine its efficacy -intratumoral diffusion, release from drug carriers, binding, and clearance -using an in vitro drug delivery device. We developed a mathematical model that incorporates all of these mechanisms and used it to evaluate parameters for doxorubicin and liposome-encapsulated doxorubicin (Doxil) . Results from the model show that diffusion, binding, and clearance interact in a complex manner and this complex interaction determines efficacy. Doxorubicin has optimum diffusivity and binding, which maximizes its therapeutic effect and may be the cause of its success as a chemotherapeutic agent. The model shows that the benefits of prolonged circulation achieved by liposome encapsulation may be offset by limited drug release and diffusion in tissue. Doxil did not release doxorubicin in tissues in the experimental system, showing that limited release from liposomes is a major shortcoming of Doxil. Monolayers of cancer cells do not capture these critical mechanisms and fail to determine the efficacy of cancer drugs accurately. The drug-delivery device developed here provides a tool for predicting drug efficacy in vitro before subsequent animal experiments, which will reduce the duration and cost of drug development. 
Materials and methods
Perfused tumor tissue culture
Microfluidic devices were used to continuously perfuse cultures of tumor tissue. Spheroids were introduced into rectangular chambers on devices to form cuboidal tissues (Fig. 2) . These tissues were subjected to continuous medium perfusion along one face, and were incubated for 24 hours at 37 1C in a customized heated enclosure on a microscope before drug treatment. Humidity and pH was maintained by flowing 25 mM HEPES buffered DMEM at 3 ml min À1 . Devices were constructed using standard soft lithography techniques as described previously. 18, 20 Molds were made by selectively exposing SU-8 (MicroChem, Newton, MA) coated wafers to UV light through photomasks to produce positive-relief features.
Replicates were made using Sylgard s 184 Silicone Elastomer Kit (Dow Corning, Midland, MI). A 1.5 mm biopsy punch was used to make holes for connecting inlet and outlet tubing. We have previously shown that this device can be used to measure the diffusion coefficient of doxorubicin. 
Solution of mathematical model and parameter estimation
For doxorubicin, the mathematical model was comprised of eqn (1)-(3). The concentration (A) at the front edge (x = 0) was modeled as a time-dependent step function that matched the concentration in the channels of the device. An impermeable boundary was assumed at the rear end (x = 600 mm). Initially, concentrations of free (A) and bound (B) doxorubicin were set to zero. The three equations were discretized using finite differences into a set of non-linear algebraic equations and solved for A and B in space and time using the MATLAB (The Mathworks Inc., Natick, MA) function fsolve. For Doxil, the mathematical model was comprised of eqn (2)-(5). Similar to doxorubicin, the concentration of encapsulated drug, L A , at the front edge was set to match the concentration in the channel. A partition coefficient (P) was included to account for the partitioning across the medium-tissue interface. Because the concentration of free drug, A, at the front edge was unknown, a convective boundary condition was included with a large mass transfer coefficient, K l = 1.1 Â 10 À3 m s À1 . An impermeable boundary was assumed at the rear end. Similar to the doxorubicin simulations, the Doxil equations (eqn (2)- (5)) were discretized using finite differences and solved for L A , A and B.
Normalized fluorescent intensity profiles obtained from experimental data from doxorubicin and Doxil treatment were fit to the mathematical models to determine transport parameters. For doxorubicin, the free drug model (eqn (1)-(3) ) was solved individually for each experiment (n = 3). The least square error between experimental and simulated profiles was minimized using the MATLAB unconstrained nonlinear optimization function, fminsearch, to determine values of D, R and S max ( Table 1) . These values were used to solve the mathematical model for Doxil (eqn (2)- (5)). To account for increase in fluorescence as a result of doxorubicin release from Doxil, the contribution to fluorescence intensity from released doxorubicin was 3.28 times higher than Doxil. Similar to the doxorubicin experiments, the mathematical model for Doxil was solved individually for each experiment (n = 3) and least square minimization was performed to determine values of D lip , k rel , and P (Table 1) .
Predictive modeling
To predict the effect of doxorubicin delivery on therapeutic effectiveness, an equation describing the rate of cell death (eqn (6)) was added to the doxorubicin model. To match the PK, the concentrations of doxorubicin (A) at the front edge (x = 0) was modeled as an exponential decay with half-life t 1/2 . Initially, concentrations of free (A) and bound (B) doxorubicin were set to zero and the live cell density (l) was set to 1. This system of equations (eqn (1)-(3) and (6)) was solved using fsolve as described above. To simulate the absence of transport limitations, clearance, and binding (Case 1), model parameters were set to high diffusivity (D = 10 2 m 2 s À1 ), long half-life (t 1/2 = 100 h), and a low binding constant (R = 10 À5 mM À1 ). To introduce the effects of clearance, diffusion and binding, the model was solved after adjusting three parameters: plasma half-life (t 1/2 ) to 0.2 h (Case 2); diffusivity (D) to 2.86 Â 10 À11 m 2 s À1 (Case 3); and binding constant (R) to 48.6 mM
À1
(Case 4). Diffusion and binding profiles were determined by solving the system (eqn (1)-(3) and (6)) for ranges of diffusivities and binding constants, with a clearance rate (t 1/2 ) of 0.5 hours. Profiles report live cell fractions (l) at 20 hours.
To predict the effect of Doxil delivery, cell death (eqn (6)) was added to the Doxil model (eqn (2)- (5)). The concentrations of Doxil (L A ) at the front edge (x = 0) was modeled as an exponential decay with half-life t 1/2 . Initially, concentrations of Doxil (L A ), free (A) and bound (B) doxorubicin were set to zero and the live cell density (l) was set to 1. To model the effects of encapsulating a hypothetical non-binding drug (drug X), the binding constant set to be very low (R = 10 À5 mM À1 ).
Diffusion-clearance maps were generated by solving the system of equations for a range of liposome diffusivities (D lip ) and clearance rates (t 1/2 ), with rapid drug release. The live cell fraction (l) is reported at 20 hours. Release-clearance maps were generated by solving the equations for a range of liposome release (k rel ) and clearance rates (t 1/2 ).
